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Abstract

Objectives: We compared the proteomic signatures of the hippocampal lesion
induced in three different animal models of mesial temporal lobe epilepsy with
hippocampal sclerosis (MTLE+HS): the systemic pilocarpine model (PILO), the
intracerebroventricular kainic acid model (KA), and the perforant pathway
stimulation model (PPS). Methods: We used shotgun proteomics to analyze the
proteomes and find enriched biological pathways of the dorsal and ventral den-
tate gyrus (DG) isolated from the hippocampi of the three animal models. We
also compared the proteomes obtained in the animal models to that from the
DG of patients with pharmacoresistant MTLE+HS. Results: We found that each
animal model presents specific profiles of proteomic changes. The PILO model
showed responses predominantly related to neuronal excitatory imbalance. The
KA model revealed alterations mainly in synaptic activity. The PPS model dis-
played abnormalities in metabolism and oxidative stress. We also identified
common biological pathways enriched in all three models, such as inflamma-
tion and immune response, which were also observed in tissue from patients.
However, none of the models could recapitulate the profile of molecular
changes observed in tissue from patients. Significance: Our results indicate that
each model has its own set of biological responses leading to epilepsy. Thus, it
seems that only using a combination of the three models may one replicate
more closely the mechanisms underlying MTLE+HS as seen in patients.
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INTRODUCTION

Most patients with mesial temporal lobe epilepsy (MTLE)
present hippocampal sclerosis (HS), a lesion characterized
by neuronal loss and gliosis, primarily in the Cornu
Ammonis (CA) 1 and 3."” The hippocampal formation
comprises CAl to CA4, the dentate gyrus (DG), the
subiculum, and the entorhinal cortex." In rodents, the
DG can be divided into dorsal and ventral portions (dDG
and vDG, respectively) and posterior and anterior regions
in humans. These regions present distinct cytoarchitecture
with different functions.™*

Surgical resection of the hippocampal formation is an
established treatment for patients with pharmacoresistant
MTLE, and the removed tissues can be used for further
studies™®; but, there are intrinsic limitations.” Most
importantly, these specimens represent an advanced stage
of the disease because they are usually obtained from
patients with recurrent seizures for many years.>® The use
of experimental animal models of epilepsy is an alterna-
tive to overcome these limitations in searching for
insights into the biological mechanism leading to dis-
ease.'® Several rodent models have been developed, pre-
senting characteristics like those found in patients,
including a hippocampal lesion comparable to HS."'"> In
addition, rodent models have significantly contributed to
developing anti-seizure drugs in preclinical assays.'®'*'>
However, it is still unclear how similar are the molecular
mechanisms leading to chronic seizures in these animals
compared to patients with MTLE+HS.

Ideally, an animal model of a human disease should
recapitulate the causal mechanism of the disease as seen in
patients. In addition, it should present a similar phenotype
and response to treatment.'®"” Rodents have been one of
the most used animal models in epilepsy research due to
advantages such as the control over genetic variability, suit-
able lifespan, and the similar pattern of insult induction—
time, intensity, and insult location.'®'*?*” Moreover, study-
ing animal models allows for evaluating the initial stages of
the disease, which is not feasible when examining human
surgical tissue.'® However, the genetic background of the
animals may represent a confounding factor because varia-
tion in gene expression patterns, gene networks, and pro-
tein functions may be species-specific.!”'®®

Proteomics allows a broad view of the complex molec-
ular processes in disease by assessing protein abundances
in a determined disease stage.”” In addition, cellular pro-
cesses that depend on multiple genes and posttranscrip-
tional and posttranslational modifications can be
identified by proteomics.***°

In the present study, we compared the proteomic pro-
file of the granule cells isolated from the DG of three
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animal models of MTLE+HS: the systemic pilocarpine
model (PILO), the intracerebroventricular kainic acid
model (KA), and the perforant pathway stimulation
model (PPS). In addition, we studied surgical tissue
obtained from patients with medically refractory
MTLE+HS.

The proteomic data of the PILO and PPS model used
in the current study have been previously reported in
detail elsewhere.!®!” In contrast, novel data were gener-
ated for the KA model and the patients’ surgical samples.

MATERIAL AND METHODS

Animals

The animal research ethics committee from the Biology
Institute, University of Campinas, approved all the animal
procedures described below, which were performed
according to national regulations (Brazilian federal law
11.794 from 8 October 2008) and international recom-
mendations (experiments were designed and executed fol-
lowing the ARRIVE guidelines and the Basel declaration
including the 3R concept; www.basel-declaration.org). We
used 12-week-old male Wistar rats (PILO model, n = 5;
KA model, n = 3; PPS model, n = 4) kept under con-
trolled conditions of 12-h light/12-h dark cycles, with
lights on starting at 07:00 h. The animals had water and
food available ad libitum during the experimental period.

For the induction of the PILO model, we performed a
protocol described previously.”” The KA induction was
achieved using the injection of 1.25 pg of KA through a can-
nula under anesthesia. The animals were in status epilepticus
(SE) for 4 h. SE was interrupted with diazepam administra-
tion (4 mg/kg), and the animals were constantly monitored
using video for 15 days. The sham control animals were
injected with saline solution instead of KA, and they also
received diazepam 4 h after the first injection. PPS was per-
formed according to a protocol reported previously.'®'®

Animals were euthanized 15 days after the induction
process described above, a period corresponding to the
“latent phase.” At this time, the animals still did not pre-
sent spontaneous seizures, but studies have shown that
the animal models display intensive molecular changes
relevant to epileptogenesis."”' The brains were collected
and immediately frozen at —60°C with dry ice and
isopentane, and the samples were stored at —80°C until
further processing.

Surgical tissue from patients with medically
refractory MTLE

The Research Ethics Committee of the University of
Campinas approved the research protocol, and all patients
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and controls provided written informed consent before
entering the study. We included patients with temporal
lobe epilepsy who had a clear epileptic focus localized in
the mesial structures and the imaging showing signs of
HS (hippocampal atrophy and hyper signal in T2/FLAIR
sequences), with no other lesions associated.**

The presurgical clinical evaluation of patients was per-
formed using established protocols®*> and was carried out
by an experienced clinical team. We used hippocampal tis-
sue isolated from patients who had undergone surgery
(n = 10), immediately frozen with isopentane (—60°C) on
dry ice. In addition, we selected samples from patients who
had the disease for <20 years. Finally, postmortem tissue
from patients without neurological disease was used as a
control (n = 4). These hippocampal samples were collected
in the same hospital with an average postmortem interval
of 6-12 h (the time between death and the tissue collec-
tion). A neuropathologist examined all samples, and only
samples with the classical features of mesial temporal scle-
rosis (pyramidal cell loss and gliosis in the CA sectors; ref
PMID: 23692496) were included in the patient group.
Moreover, any autopsy sample with histopathological
abnormalities was excluded from the control group.

Laser microdissection procedures

Tissue samples were processed and stored under the same
conditions, except that the human tissue was not subdi-
vided (Fig. 1). For the laser microdissection, we followed
the same procedures as published previously.'®'” Once
isolated, all the samples were stored at —20°C until pro-

tein extraction.
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Mass spectrometry and bioinformatic
analyses

We used the same protocol for protein extraction, and
sample preparation described previously'®'” in three ani-
mal models, patients, and controls for protein extraction
and sample preparation as described previously.'®'” In
addition, we performed a label-free liquid chromatogra-
phy—tandem mass spectrometry (LC-MS/MS) as
described in detail in our previous works'®'” for the sam-
ples from PILO, KA, and PPS models. Samples from
PILO and KA were analyzed at the center of toxins,
immune response, and cell signaling, Butantan Institute
Sao Paulo, Brazil; samples from the PPS model were ana-
lyzed at the Brazilian Biosciences National Laboratory,
Centro Nacional de Pesquisa em Energia e Materiais,
Campinas, Brazil. We analyzed the samples from patients
using a Thermo Scientific™ Q Exactive™ Hybrid
Quadrupole-Orbitrap Mass Spectrometer coupled with a
nanoflow LC system on the front-end. This instrument
was housed at the RASR Laboratory, Department of
Chemistry, Vanderbilt University, Nashville, TN, USA.
Injected samples were analyzed on an Ultimate 3000
RSLCnano system (Thermo Fisher Scientific, Waltham,
MA, USA) coupled to a Q-Exactive operated in data
dependent, positive mode. Peptides were loaded onto a
C18 trap column before loading to an in-house C18
packed column, with a 105 min gradient: 0-7 min, 10%
B: 7-67 min, 10-30% B: 67-75 min, 30-60% B: 75—
77 min, 60-90% B: 77-82 min, 90% B: 83-105 min, 10%
B. Mobile phase A was 0.1% FA in water and mobile
phase B was 0.1% FA in acetonitrile. Full MS spectra were
collected in the Orbitrap (375-1800 m/z, 60,000

Figure 1. Image of the dorsal
dentate gyrus (dDG) from the three
animal models analyzed depicting
the neuronal damage caused by the
seizure induction. (A) The dorsal
dentate gyrus of the perforant
pathway stimulation (PPS-dDG)
model; (B) the dorsal dentate gyrus
of the pilocarpine (PILO-dDG) model;
(C) the dorsal dentate gyrus of the
kainic acid (KA-dDG) model, and (D)
the sham control dDG.
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resolution, automated gain control (AGC) 1.0E5, maxi-
mum injection time 100 msec). The instrument was oper-
ated in data-dependent acquisition mode to acquire the
top 15 MS/MS (Resolution 30,000, Maximum IT
50 msec, normalized collision energy 30%, AGC 8.0E3)
and dynamic exclusion of 10 sec.

We analyzed the data using Proteome Discoverer 2.4
from Thermo Fisher Scientific and R software. The data-
base used was Uniprot for Rattus norvegicus (Proteome
UP000002494 - downloaded on 05 January 2019-29,943
protein sequences) for the animal models and Uniprot
for Homo sapiens (Proteome UP000005640 - downloaded
on 08 November 2019-73,801 protein sequences) for the
patient samples. We applied a t-test corrected for multiple
comparisons using the Benjamini—Hochberg false discov-
ery rate’® at a level of 5% for each comparison. Each
group of samples was analyzed separately, and we com-
pared the epileptic animals with their respective sham
controls and the patients with the autopsy controls. The
final list of differentially abundant proteins for each
group (animal models and patients) was used to generate
the enrichment analysis.

Comparison of the proteomic profiles

We generated enrichment analysis for each model and
hippocampal region using the Metacore software (Clari-
vate Analytics, London, UK). We also generated the
enriched pathways and Gene Ontology (GO) biological
processes and used qualitative analysis to compare the
findings for each model and hippocampal region. In addi-
tion, we compared the complete list of proteins to iden-
tify the number of shared proteins among the three
different animal models and to which protein classes they
belong.

To compare the animal models and the human tissue,
we also used qualitative analysis to identify common bio-
logical responses generated with the enriched pathways
and GO biological processes. To evaluate common pro-
teins among all models and patient tissue, we first
mapped the rat protein IDs to gene IDs. Subsequently, we
converted the rat gene IDs to human homology gene IDs
using the BioMart tool from Ensembl in the R environ-
ment. Using these converted IDs, we also performed a
principal component analysis (PCA) to reduce the dimen-
sionality of the data, using singular value decomposition
to examine the grouping of the samples.

RESULTS

In the dDG of the PILO model, we identified 756 pro-
teins; 97 were differentially abundant; namely, 51 upregu-
lated and 46 downregulated. In the vDG of the PILO

Proteomics in Epilepsy

model, we identified 708 proteins; 56 were differentially
abundant, including 28 upregulated and 28 downregu-
lated.'” In the dDG of the KA model, we identified 1701
proteins, 119 differentially abundant, 73 upregulated, and
46 downregulated. In the vDG of the KA, we identified
424 proteins, 32 differentially abundant, 17 upregulated,
and 15 downregulated. In the dDG of the PPS model, we
identified 959 proteins, 58 differentially abundant, 26
upregulated, and 32 downregulated. Finally, in the vDG
of the PPS model, we identified 898 proteins, 75 differen-
tially abundant, with 23 upregulated and 52 downregu-
lated.'

We compared the total number of proteins identified
in each model using upset plots (Fig. 2A). There were
132 proteins identified solely in the dDG of the PILO
model, 969 proteins only in the dDG of the KA model,
and 624 proteins that were exclusively detected in the
dDG of the PPS model. Comparing the PILO and KA
models, we identified 404 proteins in common. In the
comparison between the PILO and PPS models, we found
only seven proteins in common. The comparison between
the KA and PPS models revealed 116 proteins in common
in the dDG. Furthermore, we found that in the dDG,
there were 212 altered proteins in common in all three
animal models.

In the vDG, there were 334 proteins identified only in
the vDG of the PILO model, 103 in the KA model, and
693 in the PPS model (Fig. 2B). We found 182 proteins
in common comparing the PILO and KA models, 66 pro-
teins in common between the PILO and PPS models, and
14 proteins equally identified in the KA and PPS models.
Moreover, there were 125 altered proteins in common in
the vDG of all three animal models.

GO and enrichment analysis

To analyze the biological processes altered in each model
based on the abnormal protein expression profiles, we
first generated a list of GO biological processes using the
differentially abundant proteins classified into nine cate-
gories (Table S1). For the PILO-dDG, the main biological
processes were cellular processes (17 specific processes),
inflammation (14), cellular components (9), transport
(6), and neurogenesis (4). In the PILO-vDG, the major
GO processes were transport (7), cellular components (4),
mitochondrial processes (4), inflammation (3), neurogen-
esis (3), and metabolism (2). In the KA-dDG, the main
GO processes were cellular processes (17), synaptic pro-
cesses (10), neurogenesis (9), cellular components (8),
transport (3), and inflammation (1). In the KA-vDG, we
found synaptic processes (8), inflammation (7), cellular
components (6), cell-cycle (5), transport (3), metabolism
(3), mitochondrial processes (2), and neurogenesis (1). In
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the PPS-dDG, the most represented GO processes were
metabolism (17), mitochondrial processes (15), cellular
processes (8), synaptic processes (5), neurogenesis (2),
and transport (2). In the PPS-vDG, the GO categories
were mitochondrial processes (10), cellular components
(9), apoptosis (6), cellular processes (2), transport (2),
and inflammation (2). In addition, we found that com-
paring the PILO-dDG with the KA-dDG, there were 23
GO processes in common, while the PPS-dDG did not
have any GO processes in common with the dDG of the
other two models. The PILO-vDG and the PPS-vDG had
five GO processes in common, the PPS-vDG and the KA-
vDG had seven, and the PILO-vDG and KA-vDG had 10
GO processes in common (Fig. 3).

We also analyzed the enriched pathways for each model
and DG region using the list of differentially abundant
proteins. Then, we classified the enriched pathways into
14 categories (Fig. 4; for a complete list of enriched path-
ways, refer to Table S2). The five main categories repre-
sented in the PILO-dDG were cellular processes (15
enriched pathways), development (9), stem cell (5),
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Figure 2. Upset plots with the total
number of proteins identified in the
three animal models of mesial
temporal lobe epilepsy (MTLE). (A)
The total number of proteins
identified in the dorsal dentate
gyrus from each model. dPILO,
dorsal  dentate  gyrus the
pilocarpine  model; dKA, dorsal
dentate gyrus from the kainic acid
{/ model; dPPS, dorsal dentate gyrus of
the perforant pathway stimulation
model. (B) The total number of
proteins identified in the wventral
dentate gyrus from each model.
VPILO, ventral dentate gyrus of the
pilocarpine  model; VKA, ventral
dentate gyrus from the kainic acid
model; vPPS, ventral dentate gyrus of
the perforant pathway stimulation
model.

of
212

Ty

cytoskeleton (4), and immune response (3). In the PILO-
vDG, they were cellular processes (17), development (7),
immune response (4), transcription/translation (4), and
stem cell (3). In the KA-dDG, we identified immune
response (13), cellular processes (8), development (8),
cytoskeleton (4), and neurophysiological processes (3).
The enriched pathways in the KA-vDG were cellular pro-
cesses (13), development (7), cytoskeleton (4), neurophys-
iological processes (4), and transcription/translation (4).
In the PPS-dDG, we found metabolism (11), development
(10), cellular processes (8), immune response (4), neuro-
physiological processes (4), and transcription/translation
(2). Finally, in the PPS-vDG, we found immune response
(10), development (9), neurophysiological processes (6),
cellular processes (5), and metabolism (4).

Human tissue

Table 1 shows the characteristics of the patients included
in the study and those who donated autopsy material. We
identified a total of 5140 proteins in the surgical
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Figure 3. Gene Ontology (GO) biological processes identified from each model are divided into categories. The gray bars represent the processes
observed in the pilocarpine dorsal dentate gyrus (PILO-dDG), the yellow bars represent the data from the ventral dentate gyrus from the
pilocarpine model (PILO-vDG), the light blue bars represent the processes identified in the dorsal dentate gyrus of the kainic acid (KA-dDG), the
green bars mark the processes seen in the ventral dentate gyrus of the kainic acid (KA-vDG), the dark blue bars represent the processes of the
dorsal dentate gyrus perforant pathway stimulation (PPS-dDG), the orange bars indicate the processes of the ventral dentate gyrus perforant
pathway stimulation model (PPS-vDG), and the dark blue bars show the processes of tissues from patients with mesial temporal lobe epilepsy
(MTLE). The numbers above the bars show the number of processes identified in each category.

specimens of patients with medically refractory
MTLE+HS; 180 were differentially abundant compared
with autopsy controls, 88 upregulated and 92 downregu-
lated. Comparing the total number of proteins identified
in patients, classified by gene homology, with the number
identified in each of the animal models, we found 37 pro-
teins in common with the PILO model, 360 proteins in
common with the KA model, and 277 in common with
the PSS model (Fig. 5A). Figure 5B shows the top 20 pro-
teins (represented by their genes and fold-change values)
common among all three animal models and patients.

The analysis of enriched GO processes in tissue from
patients revealed that the most enriched processed were
cellular processes (19), inflammation (13), transport (10),
signaling (5), and cytoskeleton (5); for a complete list,
refer to Table S3. Comparing the GO processes identified
in patients to the three models, we found that the PILO
model had 42 processes in common with human data,
the KA had 33, and the PPS had only two.

Moreover, the most enriched pathways found in tissue
from patients were cellular processes (15), development
(7), neurophysiological processes (5), signal transduction

(5), and cytoskeleton (5) (Table S3). Comparing the
enriched pathways identified in the human data with the
three animal models, we found that the PILO model had
nine enriched pathways in common with patients, the KA
had seven, and the PPS model had four enriched path-
ways in common with the human data.

Finally, the PCA results revealed that the samples from
the PILO model tended to cluster with the samples from
the dDG of the KA model and the dDG of the PPS
model. By contrast, the patient samples were independent
of all other groups (Fig. 6).

DISCUSSION

This study first evaluated proteins individually; we determined
the number of proteins identified and their relative abundance
compared with controls. We subsequently grouped proteins
in classes by performing enrichment analyses to assess the
most relevant biological processes in each epilepsy animal
model and human tissue.”’ Furthermore, we analyzed the
enriched pathways, which provided an overview of the biolog-
ical cascades and molecular interactions activated.*
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Figure 4. Enriched pathways identified for each model are divided into categories. The gray bars represent the pathways of the dorsal dentate
gyrus of the pilocarpine model (PILO-dDG), the yellow bars represent the ventral dentate gyrus of the pilocarpine model (PILO-vDG), the light blue
bars represent the pathways identified in the dorsal dentate gyrus of the kainic acid model (KA-dDG), the green bars show the pathways of the
ventral dentate gyrus of the kainic acid model (KA-vDG), the light blue bars represent the pathways of the dorsal dentate gyrus of the perforant
pathway stimulation model (PPS-dDG), the orange bars indicate the pathways of the ventral dentate gyrus of the perforant pathway stimulation
model (PPS-vDG), and the dark blue bars represent the pathways from tissues of patients with mesial temporal lobe epilepsy (MTLE). Numbers
above the bars show the number of enriched pathways identified in each category.

The PILO model uses a chemoconvulsant, pilocarpine,
which acts as an agonist of the cholinergic muscarinic
receptors, inducing prolonged epileptic activity resulting
in SE.2>® The KA model also uses a chemical compound,
KA, an r-glutamate cyclic analog that induces a prolonged
excitatory response in the neurons resulting in SE. The
intracerebroventricular administration of KA results in
behavior similar to systemic pilocarpine induction.'®** By
contrast, the PPS model is induced by consecutive electri-
cal stimulations restricted to the perforant pathway; this
stimulation does not generate a phenotypically recogniz-
able SE but results in hippocampal damage that resembles
human HS. It also produces spontaneous epileptiform
discharges in the granule cells of the hippocampus pre-
ceding the spontaneous seizure phenotype.”’ Animal
models presenting SE mimic an early precipitating brain
insult, which occurs before spontaneous seizures start,
and when it is believed that most of the molecular
changes leading to epilepsy develop.”>”

Proteomic profile of the KA model

We found significant abnormalities in the synaptic pro-
cesses identified in both the dDG and the vDG of the KA

460

model. The main processes involved are presynaptic
endocytosis, synaptic vesicle recycling, vesicle-mediated
transport in the synapse, regulation of synapse structure
or activity, and synaptic vesicle budding (for a complete
list, refer to Tables S1, S2). Increased synaptic activity has
been observed in the KA model, a phenomenon that can
result from the overstimulation of the glutamatergic sys-
tem and may be related to the presence of an excitatory
imbalance.*®?’

Furthermore, we found two other relevant biological
mechanisms altered in the KA model, namely cytoskeletal
remodeling and neurogenesis. The main abnormal pro-
cesses and pathways enriched in the dDG and the vDG of
the KA model were Hyaluronic acid/CD44 signaling path-
ways, neurofilaments, generation of neurons, axonogene-
sis, and regulation of neuronal projection development.
Granule cells are the primary constituent cell type of the
DG, and it is one of the few types that may undergo neu-
rogenesis throughout adult life.?

To our knowledge, there have been only two other
studies reporting MS-based proteomics data in the KA
model of epilepsy. One report describing the proteomic
profile of the whole hippocampus in a mouse KA model
evaluated in three time points.”® They observed, especially
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Table 1. Characteristics of patients with mesial temporal lobe epilepsy included in this study, as well as autopsy controls.

Subject Age Disease duration’ Sex Surgical outcome? Neuroimage Type of HS®
1 20 19 F Responsive lla LHA 1
2 27 15 M Responsive la Bilateral HA, prevalent in the left hippocampus 1
3 46 17 M Responsive la RHA 1
4 18 17 M Responsive la RHA 1
5 47 20 F Responsive la LHA 1
6 36 19 F Responsive la LHA 1
7 22 4 F Refractory llla RHA 1
8 31 19 M Responsive Id RHA 1
9 33 16 M Responsive lla LHA 1
10 26 19 F Responsive la LHA 1
Control Age - Sex Cause of death - -
1 55 - F Acute pulmonary thromboembolism NA -
2 66 - F Septic shock NA -
3 54 - M Septic shock, pneumonia, tubular necrosis NA -
4 56 - F Cryptogenic cirrhosis NA -

All patients had alterations in images obtained by magnetic resonance compatible with hippocampal atrophy, namely decreased hippocampal vol-
ume in T1 images with increased signal in T2/FLAIR. All findings were confirmed by histopathological evaluation after surgery. HS, hippocampal
sclerosis; HA, hippocampal atrophy; LHA, hippocampal atrophy in the left hippocampus; RHA, hippocampal atrophy in the right hippocampus;

NA, not available; ILAE, International League Against Epilepsy.

"Disease duration is calculated as the time between the first seizure and epilepsy surgery.
2Surgical outcome was defined based on the Commission on Neurosurgery of the ILAE.?'

3As seen in the neuropathology.

at the 30-day time point, decreased expression of proteins
related to neuroplasticity and axonal regeneration.’®
Another study used proteomics to evaluate the posttrans-
lational modifications of sodium channels and found evi-
dence of phosphorylation and methylation of these
channels after seizures.® Thus, our results expand these
previous findings and show regional differences in the
proteomics profile of the dDG and the vDG in the KA
model.

Proteomic profile of the patient tissue

For this study, we generated the proteomic profile of
microdissected granule cells of the DG of 10 patients with
pharmacoresistant MTLE+HS who had surgical treatment.
On the average, epilepsy surgery was performed 16 years
after the onset of chronic seizures. Thus, the time point
in which we obtained the tissue from patients is different
from that of the animal models.

We found significant abnormalities in inflammation
and immune response biological pathways in tissue from
patients with MTLE+HS. The main processes we identi-
fied were myeloid cell activation involved in immune
response, myeloid leukocyte-mediated immunity, neu-
trophil activation involved in the immune response, and
cell activation involved in the immune response. Inflam-
matory pathways are among the most common molecu-
lar mechanisms found in epilepsy studies; they may
contribute to the disease development and progression.*’
Neurogenic inflammation is an inflammatory response
triggered by exacerbated neuronal activity without other
pathological conditions, such as infections. Neuroinflam-
mation may affect neuronal activity directly or indirectly
by mediating other molecules and cells, such as the
physiology of astrocytes.*>*! Overall, these effects would
contribute to increased excitability, altered neurotrans-
mission, and  epilepsy-induced  neuropathological
changes.*'

Figure 5. Gene homology analysis of the total number of proteins identified in the three animal models and patients with mesial temporal lobe
epilepsy (MTLE). (A) Upset plot of the total number of proteins identified in the three animal models and patients. PILO, Pilocarpine model; KA,
kainic acid model; PPS, perforant pathway stimulation model; MTLE, patients with mesial temporal lobe epilepsy. (B) List of the the top 20 genes
in common among the four groups analyzed and their log2 fold-change illustrating the abundancy variation in each group. dPILO, dorsal dentate
gyrus from the pilocarpine model; vPILO, ventral dentate gyrus of the pilocarpine model; dKA, dorsal dentate gyrus of the kainic acid model; VKA,
ventral dentate gyrus of the kainic acid model; dPPS, dorsal dentate gyrus of the perforant pathway stimulation model; vPPS, ventral dentate
gyrus of the perforant pathway stimulation model.
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Principal Components

Figure 6. Principal component
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analysis (PCA) generated with the
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We also found other important biological mechanisms
altered in tissue from patients, including cytoskeletal
remodeling (cytoskeleton organization, cytoskeleton ker-
atin filaments, neurofilaments, regulation of actin
cytoskeleton nucleation, and polymerization by Rho
GTPases) and metabolism (activation of NOXI1, NOXS5,
and DUOXI1 and DUOX2 NADPH oxidases; regulation of
phosphate metabolic process; regulation of phosphorus
metabolic process; and regulation of catalytic activity),
mainly related to oxidative stress, and changes in several
signaling processes (putative ubiquitin pathway, regulated
exocytosis, secretion, and regulation of ion transport,
among others) (Table S3). Metabolic changes, especially
oxidative stress, are frequent in epilepsy, resulting from
the overproduction of reactive oxygen and reactive nitro-
gen species.*’ Oxidative stress is rapidly induced in the
nervous system by acute injuries, including SE.*"** This
response is known to involve neurons and glia and is
highly connected with inflammatory responses.**

In addition, there were abnormalities in neurophysio-
logical processes such as glutamic acid regulation of
dopamine D1A receptor signaling, constitutive and regu-
lated NMDA receptor trafficking, and delta-type opioid
receptors in the nervous system. Dopamine is an amine

5 10 15
PC1 (66%)

neuromodulator synthesized in the brain and kidneys,”®
and its modulation seems to be involved in seizures in
the limbic system.*® Its receptors are expressed mainly in
the DG and subventricular zone in the central nervous
system, and evidence has shown that the dopamine recep-
tor D1 is pro-epileptogenic.*> Moreover, the effects of
dopamine seem to be related to the glutamate-dopamine
interaction.*>**

We also identified enriched high-density lipoprotein
pathways (HDL)-mediated reverse cholesterol transport
and HDL dyslipidemia in type 2 diabetes and metabolic
syndrome X in tissue from patients. Cholesterol is synthe-
sized locally in the brain, and this process is decreased
after neuronal damage, increasing cholesterol uptake from
degenerating synaptic terminals.*>*® Interestingly, alter-
ations in cholesterol metabolism have already been
reported in the PILO and PPS models.'®*

Comparing the proteomic profile in the
different animal models

We found differences in the abundance of proteins when
comparing the three animal models (PILO, KA, and
PPS). Furthermore, as we have shown previously, there
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were differences in protein abundances when comparing
the dorsal and ventral portions of the DG in the same
animal model*>*! (Fig. 7). However, there were also dif-
ferentially abundant proteins in common among the three
animal models. There were more similarities between the
PILO and KA models (404 proteins in the dDG and 182
in the vDG) than between the PILO and PPS models (7
proteins in the dDG and 66 in the vDG) or between the
KA and PPS models (116 proteins in the dDG and 14 in
the vDG). One may expect the PILO and KA models to
be more closely related because, in both, a chemical com-
pound activates biological mechanisms that converge on
excitatory response to induce SE.

Based on the proteomic signature, we found that the
PILO and KA models predominantly involved the follow-
ing GO processes: inflammation, cellular components, and
neurogenesis. The most enriched cellular processes in com-
mon observed in the PILO and KA were cytoskeleton, stem
cell-related pathways, and cell adhesion (Figs. 3, 4). Com-
paring the PILO and PPS models did not result in pro-
cesses and pathways exclusive to the two models. However,
the KA and PPS models shared molecular alterations
related to synaptic activity and cell-cycle, even though these
alterations were more significant in the KA model (Figs. 3,
4). Of note, there were highly enriched biological processes
and pathways specific to the PPS-vDG, all related to apop-
tosis: Regulation of neuron death, regulation of neuron
apoptotic process, regulation of the apoptotic process, and
regulation of programmed cell death.

A. M. Canto et al.

Figure 7. Differentially abundant

proteins were identified in each

model and hippocampal region and
70 the tissue from patients. The graph
shows the percentage of upregulated
and downregulated proteins. Blue
bars represent the upregulated
proteins, and red bars represent the
downregulated proteins. PILO-dDG,
dorsal dentate gyrus of the
pilocarpine model; PILO-vDG, ventral
dentate gyrus of the pilocarpine
model; KA-dDG, dorsal dentate
gyrus of the kainic acid model; KA-
vDG, ventral dentate gyrus of the
kainic acid model; PPS-dDG, dorsal
dentate gyrus of the perforant
pathway stimulation model; PPS-
vDG, ventral dentate gyrus of the
perforant pathway stimulation
model.
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Most importantly, we identified abnormalities that were
common to all three animal models. These were GO pro-
cesses and pathways involving cellular processes and com-
ponents, mainly intracellular transport, cell localization,
protein assembly, protein localization, and cell morphogen-
esis. We hypothesize that these may result from the stimuli
used to induce the models, which generates a common cell
response because external stimuli trigger a series of stereo-
typical reactions in neuronal cells.’"*® We also found highly
enriched pathways related to development in all regions
and models (Fig. 4 and Table S2). The main abnormal
pathways were NCAMI-mediated neurite outgrowth,
synapse assembly, and neuronal survival (PILO-dDG); The
role of CDKS5 in neuronal development (PILO-vDG); S1P2
and S1P3 receptors in cell proliferation and differentiation
(KA-dDG); Glucocorticoid receptor signaling (KA-vDQG);
WNT signaling pathway (PPS-dDG); and transactivation of
PDGFR in non-neuronal cells by dopamine D2 receptor
(PPS-vDG). Interestingly, these enriched pathways related
to developmental processes did not appear in the analysis
of enriched GO processes (Fig. 3), emphasizing the comple-
mentary nature of the two assessments.

However, considering that the models studied here are
induced by different methods, one can expect some biolog-
ical differences, especially the timing to which molecular
changes may occur. This is an important issue in the pre-
sent work since we analyzed the animal models at the same
time point. Given that studies employing omics tools to
describe detailed time-specific molecular changes are not
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available in the literature for the three models, the 15 days
after induction time-point was chosen based on the aver-
age duration of the “silent period” for the different models
compared in the present study: 24 days for the PILO
model, 7 to 14 days for the KA model, and 21 days for the
PPS model.*”*® Thus, the 15 days after induction consists
of the longest possible interval after the initial insult that
would not enter the period of spontaneous seizures. There-
fore, although based on the best knowledge available in the
literature, we cannot completely exclude the possibility that
the changes found in our study represent, at least in part,
differences in the kinetics of activation of each pathway in
the different animal models.

Comparing animal models and patient
tissue

As shown by the PCA analysis (Fig. 6), the proteomic
profile obtained in patients was different from the three
animal models. However, there were some features in
common. Indeed, each animal model seems to recapitu-
late different molecular aspects seen in patients. The PILO
model seems to represent better the neurophysiological
processes, the KA model shows the abnormal synaptic
activity, and the PPS model resembles the abnormal
metabolic processes observed in the tissue of patients with
MTLE+HS. Furthermore, we found exacerbated inflam-
mation and immune response in all groups studied.

Opverall, our results indicate that each model has its own
set of biological responses, leading to epilepsy. However,
there are common biological pathways enriched in all three
models, such as inflammation and immune response,
which are also present in tissue from patients with
MTLE+HS. Given the differences we identified among the
animal models, it seems that only using a combination of
the three models may one replicate more closely the mech-
anisms underlying MTLE+HS as seen in patients.
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